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A free-electron laser (FEL) two-beam accelerator (TBA) is proposed, in
which the FEL interaction takes place in a series of drive cavities, rather than
in a waveguide. Each drive cavity is "beat-coupled" to a section of the
accelerating structure. This standing-wave TBA is investigated theoretically
and numerically, with analyses included of microwave extraction, growth of
the FEL signal through saturation, equilibrium longitudinal beam dynamics
following saturation, and sensitivity of the microwave amplitude and phase
to errors in current and energy. It is found that phase errors due to current
jitter are substantially reduced from previous versions of the TBA. Analytic
scalings and numerical simulations are used to obtain an illustrative TBA
parameter set.
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1. Introduction
The next generation of linear colliders will require accelerating
gradients of 100 MeV1m or more to achieve TeV energies in a machine of
reasonable length [1,2]. Such a gradient corresponds to a microwave power of
more than 10 Jim. A number of additional constraints [1,3] restrict the range
of operating frequencies for such a linac to 10-30 GHz. In this frequency range,
the free-electron laser (PEL) and the relativistic klystron (RK) have
demonstrated the required power levels [4,5], and they have been proposed as
microwave power sources for a TeV collider [6,7] in a configuration known as
the "Two-Beam Accelerator" (TBA).
The TBA was first proposed in 1982 [8J and has been the focus of much
research since that time [9,10,11]. In the TBA, a relativistic, high-current
electron beam is transported through as many as one hundred PEL wiggler
periods or RK cavities. This "drive" beam is alternately reaccelerated by
induction cells (superconducting cavities are also being considered) and
deaccelerated through its interaction with the RK or PEL microwave
generation units. Microwave power is extracted and then coupled into a
slow-wave structure, where it accelerates an extremely relativistic electron
beam of low average current. A recent FEL/TBA conceptual design, based on
the induction accelerator, is depicted in Fig. 1.
There are two important differences between the PEL and RK
configurations: (1) the method of extraction of microwave power from the
drive structure to the accelerating structure and (2) the short wavelength
scalings. In the RKITBA, microwave extraction is straightforward. However,
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operation of the RK appears to be limited to the X-band, or lower frequencies,
as indicated by experimental studies at 11.4 GHz [5]. No such wavelength
limit exists for the FEL, which has been operated successfully in an over-
moded waveguide at 35 GHz [4], and much higher frequencies. On the other
hand, in the FEL/TBA, microwave extraction has posed a difficult problem.
The original method proposed for extraction from the FEL/TBA was the
"septum-coupler" [12]. Subsequent experimental work showed that a
particular septum-coupling design to be limited by breakdown at low
microwave power levels. It remains unclear whether this limit applies more
generally to other septum-couplers. Other extraction methods have been
studied and are illustrated in Fig. 2 and none of them has been found
completely satisfactory.
Motivated by the need to solve the microwave extraction problem, and
the advantageous scaling of the FEL through and beyond the X-band, we
propose and study in this work a new TBA configuration, the standing-wave
FEL/TBA. The method of extraction is "beat-coupling" as proposed by H.
Henke for a recent RK/TBA design [13], and is discussed at length in Sec. 2.
The conceptual layout of a single period of the new TBA is depicted in Fig. 3.
The FEL interaction in this new configuration differs from that of
previous designs in an important way in that it makes use of a standing-wave
cavity rather than a waveguide for the drive beam interaction region. The
standing-wave FEL interaction thus takes place in the strong-slippage regime,
with zero group velocity for the signal field. As a result, microwave extraction
is simplified. In addition, the peak microwave power is lower and,
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furthermore, need not propagate through the acceleration cells, which
certainly reduces breakdown problems.
An important feature of this new configuration, is that reaccelerations
are small and frequent, so that the induction cell voltage reduces
approximately to a continuous axial electric field. As noted recently by Ho,
Pantel1 and Feinstein [14], use of an axial electric field, while formal1y
equivalent to tapering, results in a much higher efficiency. This is confirmed
in our analysis of the FEL interaction, in Sec. 3. We also show that the
induction cell voltage profile (as a function of time) determines the beam
equilibrium (in which the beam energy is approximately constant) and
stability, and represents an important, new degree of freedom in design for
the standing-wave FEL.
In Sec. 4 we study the device numerically, using a one-dimensional
particle simulation code. We confirm the analytic work described in Sec. 3
and study the sensitivity of output microwave amplitude and phase to jitter
in the drive beam current and energy. We find that sensitivity is reduced
compared to previous designs [15].
In Sec. 5, we present a formalism for studying both transverse and
longitudinal multiple mode effects, as each are known to have been
important in previous TBA designs [16,17,18]. Simple estimates are made to
confirm the single mode model of Sec. 3.
Finally, in Sec. 6 we offer some conclusions and directions for further
work.
4
2. Microwave extraction
At the simplest level, microwave energy transfer from the FEL cavities
to the high-gradient structure may be modeled by a pair of inductively
coupled resonant series RLC circuits, as shown in Fig. 4. The object of any
such model is to determine the quality of the cavity coupling, as embodied in
(1) the ratio, R, of the peak stored energy in cavity 2 to that in cavity 1 and (2)
the phase shift, L1cp, in the second cavity due to deviations in the exciting
voltage vet) (Le., the drive beam) from its design specifications. We proceed
to analyze Rand L1cp.
The circuit equations for this system are
(1)
where Ri, Li, and Ci 0=1,2) are the respective resistance, inductance, and
capacitance of circuits 1 and 2, M is the mutual inductance between the two
circuits, and vet) is a driving voltage. Two currents, hand 12 in this model,
represent the microwave excitation in the two cavities. A dimensionless
coupling constant, K, is defined through M as K = Mj,J L1 L2. Equation (1) can
be rearranged to yield
(2)
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where Vl =R]/L], V2 =R2/L2, w] = l/L]C], w2 =1/L2C2, and p= -V L]/L2. Energy
is transferred periodically between the cavities at the beat frequency given by
Wb = 1Cwo/2, where Wo is the unperturbed resonant frequency of the two
cavities under matched (Wi = (2) conditions.
We model excitation of the drive cavity with a step pulse,
(3)
where Va is the amplitude, wd is the angular frequency and tp is the duration
of the drive pulse. Note that, in general, the solution to Eq. (2) can be
decomposed into symmetric and antisymmetric modes. The antisymmetric
mode is the desired mode of operation, since it maximizes R. We proceed to
apply Eqs. (2) and (3) to compute Rand L1cp, due to deviations in Wd and tp
from their design values.
We adopt dimensionless variables '[p, the excitation pulse duration
normalized to the beat time (tb =2rc/WB), given by
(4)
and 8w/w, the frequency mismatch, given by
(5)
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We consider initially unexcited cavities and assume VI =V2, Wl=W2, and
p=1. Rather than write out the somewhat cumbersome analytic solution, we
will consider simple figures generated numerically.
In Fig. 5, the energy transfer efficiency, R is plotted versus rp for various
values of 8w/w, and in Fig. 6, R is plotted versus 8w/w, for various values of rp.
Evidently, R-1 and varies only weakly with the frequency mismatch. Thus
the energy in the drive cavity (cavity 1) is reliably transferred to cavity 2. In
some case, R<1, due to dissipation (Vl,V2:;t:O), and in some cases, R>1, due to
excitation of both symmetric and antisymmetric modes with a long pulse.
Mixing of modes due to large Tp also changes the time at which the peak
current in cavity 2 occurs, increasing it from the expected value of tb/4.
In Fig. 7, the phase error, L1cp is plotted versus Tp for various values of
8w/w, and in Fig. 8, L1cp is plotted versus 8w/w, for various values of rp. For this
example, we have selected design parameters 8w/w =0 and Tp=1xl0-2, and L1cp
is computed as the change in phase from this design case. The various wiggles
present in the curves are due to terms of order V/Wd, 8w/w, and TpWb-1C
Analytically, the phase shift is given by L1 cp-tp 8w/2 = (2 JrTp/ K)(8w/w).
Evidently, L1cp is much more sensitive than R to 8w/wand Tp.
From this circuit analysis, we obtain a tolerance on the allowable pulse
length error and frequency mismatch of the FEL output. Of course, the utility
of the TBA as a microwave source requires low jitter in phase and amplitude
of the output power. This in turn requires low jitter in drive-beam current
and energy, and judicious design to avoid extreme phase sensitivity to
current and energy. The quantitative constraint on phase-jitter, L1cp in the
microwave source may be determined by computing the resulting
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momentum error in the high energy beam. An average of the axial electric
field in the high-gradient structure gives t1PjP-L1<p'2 /4. In linear colliders, the
allowable momentum error, t1PjP, is determined by the chromatic acceptance
of the final focus, and for recent designs [19] this value ranges between 0.1 %
and 1%. The corresponding phase fluctuations are then t1tp-3°-100. To
determine the corresponding constraints on beam current and energy
requires a detailed analysis of the FEL interaction [15,20]. For this work we will
limit ourselves to a numerical survey of the dependence (Sec. 4).
As an example, suppose that a phase shift of 5° (0.1 rad) were
acceptable. From Fig. (7), we see that for rp=lxl0-2, the maximum tolerable
ow/w~5xl0-3. From Fig. (8), we see that for ow/m=lxl0-2, the pulse length
should lie in the interval, lxl0-2 <rp<3.8xl0-2. We show in Sec. 4 that such
tolerances may reasonably be met by typical FEL parameters.
3. Theory of the standing-wave FEL
In this section we examine the FEL interaction in the drive cavity. In
Sec. 3.1 we set down the FEL equations, and in Sec. 3.2 we derive the linear
growth rate for an initially unbunched beam. Finally, we consider the
equilibrium propagation of a well-bunched beam in Sec. 3.3 , and examine
stability against debunching. Much of this analysis, though presented
previously, has not yet been published [20,21].
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2.1 Standing-wave FEL equations
We model the discrete series of drive cavities and induction cells as a
continuum by averaging the axial electric field over the reacceleration period.
The motion of the jlh electron is governed by a pair of wiggle-averaged
equations for the total energy, Yj, in units of mec2, and the particle phase, 8j.
(The electron mass is me and the speed of light is c.) Betatron oscillations and
mode-amplitude variations over the electron beam are neglected. The beam
is assumed to couple only with a TEOl waveguide mode, which, by design, is
usually the closest to resonance and the most strongly coupled mode. In a
rectangular waveguide with height h and width w, the axial wavenumber for
this mode is ks = (w;/c2 - Jr2/h 2)1/2, where Ws is the angular frequency of the
microwave signal. For the fields, we assume an idealized planar wiggler with
a vector potential
A =w (6)
and a signal field with vector potential
--. m e [2 . ( JrY) /').As = -e- a s SIn h cos (ksz - wst + cp) x (7)
where -e is the electron charge.
We assume aw/Yj« 1, and as«aw. Both as and cp are assumed to be
slowly varying compared with the fast spatial scale, 2 Jr/ks, and the fast
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temporal scale, 2n/(j)s. (The former assumption renders the equations
inappropriate for modeling waveguide modes near cutoff.)
With these approximations, the wiggler-averaged particle equations are
identical to those of conventional single-mode PEL theory [22],
de. (j)
d/ = kw + k s /
- (j)s 2 [1 + a} - 2D x aw (tfr cos ej - tf; sin eJJ2cYj
d Yj D (j)s aw (1\ . e 1\ e ) e E z
dz =- x C Yj a r sm j + a; cos j - m e c2
The coupling coefficient D x is given by
(8)
(9)
2 2 2
where ~ = (j)sa w/(8ckw Yj) = (aw/4)(1 +a w/2) and fo and h are the zeroth and first
order Bessel functions.
An equation for the complex signal amplitude, a== ar + iai =as exp (icp),
is obtained by assuming that a depends only on the distance back from the
beam head, s=Vhf - z, where Vb~C is the average beam drift velocity. Maxwell's
equations then reduce to
dtf' . \ exp( - ieJ )
~ = 11] Y /
]
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(10)
where, the brackets denote an average over the ponderomotive bucket. This
implicitly assumes an infinitesimal cavity length and ignores field coupling
through the cavity irises. The coefficient 1] is given by
(11)
and depends on s through the current, Ib(S). The constant Io=mec3/e~17kA.
3.2 Linear growth
Next, we apply Eqs. (8) and (0) to an initially unbunched,
monoenergetic beam and compute, to linear order in perturbed quantities,
the growth of the signal field. We denote the zeroth-order detuning by
(12)
where mc 2 yo is the initial beam energy, 8k=k s -w s/c. Defining
ii(s,z)=a(s,z)exp(iL1kz), a linearized treatment analogous to that of Bonifacio et
al [23], reveals that
(13)
where
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(14)
For J1 independent of s (constant current), we find
(15)
where ii(z,s=O)=ao. Asymptotically, Eg. (15) takes the form
(16)
This result bears a strong resemblance to the asymptotic growth of the
beam break-up instability [24,16L as would be expected from the cumulative
character of the standing-wave FEL instability. From Eg. (16), bunching at
fixed s proceeds as exp(z/Lg)2/3, where
(17)
At fixed z, the microwave power varies as exp(Ts)1/3, where
(18)
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In practical units, taking zero detuning and small waveguide
correction, Ok, as an example, the growth length is Lg/Aw-O.l (hw/o/LpAw /)1/2,
where Lp is the pulse length. This growth length can be quite short, making
amplification readily amenable to measurement in a "proof-of-principle"
experiment. However, many-particle simulations (such as that shown in
Fig. 9, and discussed below) reveal that the beam does not evolve to an
equilibrium, i.e., a z-independent, well-bunched state. We conclude that to
reach the desired z-independent equilibrium, appropriate for a reliable
microwave power source, some form of pre-bunching is required, as we
discuss next.
3.3 Equilibrium of a well-bunched beam
For a well-bunched beam, we may model each bunch with a single
particle. We adopt oy= Y- Yr and e as dynamical variables and linearize Eq. (8)
to find,
de oy
- = 2( k + Ok)-dz W Yr'
d~ wSaW(A. A e~
-d- = - 0 xc-y, a r sm e + a. eos e) - --2 ,
Z r I mee
(19)
where Yr, the resonant energy, corresponds to t1k=O in Eq. (12). Looking for a
z-independent equilibrium, characterized by some 80(5), we set o)CO in Eq. (19)
to find the Ez required for equilibrium:
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ills a w (1\. 1\ )
= D xc-y; a r sm 80 + a i cos 80
ills a w •
D xc-y; asm 0/0 (20)
where 0/0= 80+ ({J is the equilibrium ponderomotive phase. The s-variation of E
corresponds to the induction cell voltage profile, and is intimately connected
with the beam equilibrium as represented by 80 . The components of Ii in Eq.
(10) are obtained with an integration
s
i' (s)= i' (0)+ ;,I ds'l1(s')exp[- ieo(s'~
o
(21)
As in the conventional FEL [25] or the RF linac [26], the axial motion of
a test particle in the fields given by Eqs. (20) and (21) are described by the
Hamiltonian of a driven nonlinear pendulum. The size of the corresponding
ponderomotive potential or "bucket" determines the longitudinal acceptance.
The bucket height, Ll y, and width, Ll 8, are in turn determined by the
equilibrium ponderomotive phase 0/0= 80+ ({J and the wave amplitude a,
according to the well-known results,
1/2( [ Jr}Lly = ( Sa) cos % + % - 2 in
where the constant
14
(22)
(23)
Some insight into the variation in s of the bucket size can be obtained
by examining the variation in 2Jr/kB, the bounce period for small oscillations
in 8. From Eq. (19),
k~ = ~a cos If/a
,
where
From Eq. (21) we find
~ k2 __ 2· d 8a, B - K a sm If/oa, a
,
(24)
(25)
(26)
(valid for arbitrary 80, 17). Thus longitudinal focussing is non-increasing in s,
unless detuning is positive (so the variation of 80 in s is negative). (Implicitly
we assume asin 0/0>0 corresponding to a positive reacceleration field in Eq.
(20).)
As a practical special case, we consider a beam which is prebunched at a
frequency Ws + ,1w, so that
15
do.> f358(s)=a--s=a+
a V
b , (27)
where a and [3 are constants. In general, for a specified current profile, it is
often possible to calculate all quantities of interest analytically. Qualitative
insight is obtained by considering the case of constant current (17 constant),
with some nonzero input power (ao:;t:O). From Eq. (20), the reacceleration field
required to maintain this equilibrium is
E = D x ~s ~~ [a:.(0 )sin ( a + f35) + ~ (0 ) cos (a + f35) + [3~r sin ( f35) ] (28)
,
and the components of Ii are given by
17ttr (s)= £'r(O) + -[3 [cos (a)- cos( a + f35)] ,Yr
tt.(s) = £'.(0)- [317 [sin(a)- sin(a+ f3s)].
I I Yr
The growth in microwave power is given by
2 2
a(s) - a(O) =
(29)
(30)
A straightforward but tedious calculation shows that the minimum
bucket width and height are given by [21]
16
(31)
where again Ok = ks - wsle. This result shows that the bucket vanishes when /3
is zero or positive and that the longitudinal acceptance L1e L1yincreases with a
larger initial signal and larger -/311].
The energy deposited per unit length is
(32)
where 20-377 Q, Lp is the pulse length and O(ao) terms are neglected.
To check these results and to gain more insight into the particle
motion, we resort to many-particle simulations. We shall see that Eq. (31)
underestimates the acceptance for distributions with spreads in e and y
because the required reacceleration field in such cases is somewhat lower than
that needed for the single-particle case.
4. Numerical studies
4.1 Input parameters
The operating frequency W s and the final energy per unit length Waut
left in the cavities are determined, in practice, by the TBA requirements.
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With these quantities given, the specification of the waveguide dimensions, h
and w, the wiggler wavelength, Aw =2n/kw, and the wiggler strength, aw, fixes
the principal beam parameters. The beam energy is determined by the
resonance condition, and the total beam charge, given by IbLb/Vb is set by the
output microwave energy, Wout. Since the initial spreads in () and yare
determined by both the intrinsic emittance from the accelerator and the
additional emittance introduced by prebunching, these values are not
considered free parameters.
Two remaining beam quantities, the beam current envelope
Ib(S) / max Ib and the prebunching factor [3, can be chosen by practical
considerations. Since the acceptance is found to be proportional to Ii}, it is
preferable for the current to be low near the beam head, where the bucket is
smallest. It is also found from the single-particle equations that a current
which increases linearly or faster in S leads to a reacceleration field Ez that is
monotonically increasing for s :::; Lb. This field form is easier to generate for a
short pulse. For these reasons, we typically study beams with a uniform
current ramp. The prebunching factor is chosen by considering the [3-
dependences of various beam quantities obtained from the single-particle
solution. We find that the required beam charge and the longitudinal
acceptance increase with f3Lb, while the maximum reacceleration field
decreases. Since the longitudinal beam emittance is difficult to decrease in
induction accelerators, we choose f3Lb = 7t. .
The nominal parameters used in the simulations here are listed in
Table 1, and we typically run the simulation with a wiggler length Lw = 40 m.
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These values are appropriate for a generic TBA, and little effort has been
made to optimize the waveguide size or the wiggler strength and wavelength.
4.2 Initialization
The simulation initialization parallels the single-particle equilibrium
solution. A distribution with prescribed spreads L1eo and L1yo in ej and Yj, is
loaded so that (ej) = a + f3s and (Yj) =Yr- Simulation particles are randomly
distributed within this phase-space rectangle, and different random positions
are chosen for each beam slice. Although this distribution is somewhat
idealized, it allows for the longitudinal acceptance to be tested systematically.
For the small spreads in ej and Yj treated here, 200 simulation particles are
adequate to give tolerably low statistical noise.
The normalized reacceleration field defined in Eq. (19) required to keep
(Yj) constant is given by
ill (/ sin eo) / cos eo)]
£ = D r --i a w J'r \ Yj J + J'i \ Ij J (33)
This field could be recalculated at each z and 5 value, but such an algorithm
introduces a high-frequency noise component in £ that increases
exponentially with z. A more practical approach is to calculate £(s) at z = 0 and
to use it at all subsequent z positions. With this second technique, the
calculated £ is noise free and reduces to Eq. (19) in the limit that L1eo and L1yO
are zero.
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We determine the initial signal level, IMO) I, by assuming an input
microwave power per unit length, Pin, and then balancing this with cavity
wall losses which are specified by using an assumed cavity Q.
4.3 Numerical simulation results
The output microwave energy Waut and phase ¢ for a beam with the
nominal parameters and a linearly increasing lb are shown in Fig. 10. The
spreads L\ eO = 0.1 and L\yO = 0.01 used here are small enough that the
distribution remains trapped and the output signal is reasonably insensitive
to beam and field errors. The principal z-dependence in Fig. 10 is the initial
ripple in W aut due to synchrotron motion, which corresponds to a 2%
fluctuation in the average electron energy. This ripple does not fully damp in
the 40 m wiggler because the deeply trapped distribution randomizes very
slowly. There is also a low amplitude ripple in the wave phase ¢ that results
from fluctuations in (cos(ej + ¢J/Yj), due again to synchrotron motion. The
wavelength in z of this phase ripple corresponds to the synchrotron
wavelength in the initial field because d¢/dS from Eq. (10) is proportional to
a-I, which is largest at small s.
For the standard case, the greatest sensitivity to parameter errors is
found for fluctuations in the initial energy. When the reacceleration field is
calculated for a beam at the resonant energy and the simulation is then run
with an energy that is 1% higher, Waut is nearly unaffected, but ¢, shown in
Fig. l1(a), develops a ripple in z of aboutrr/2 radians. As in the case with no
detuning, the ripple wavelength corresponds to the synchrotron wavelength
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In the initial field, but the amplitude is significantly larger because the
distribution centroid is well away from the bucket center and executes large
orbits in e. This phase ripple can be reduced by choosing a larger ao, which
makes the initial bucket larger, or by decreasing aw while adjusting Aw or the
waveguide dimensions to maintain constant Yr.
As discussed in Sec. 2 the tolerance on L1¢ fluctuations will likely be in
the range 0.06 to 0.2 radians. While these values are somewhat less than
shown in Fig. 11 (a), the 1% energy error used in that case is higher than
present experimental values achieved in induction linacs [27]. Aside from
improvements in induction-linac energy regulation, there are several other
techniques that might reduce the magnitude of FEL phase fluctuations, such
as use of an energy selector before the FEL or the introduction of correlations
between the energy error and the prebunching parameters a and {3.
Phase ripple is also introduced by variations in the average energy with
5, which can develop in an accelerator due to beam loading. As an illustration,
Fig. 11b shows ¢ for a beam with an energy equal to Yr at the beam head and
dropping gradually by 4% toward the beam tail. The phase ripple for this case
is similar to the equilibrium (constant energy) case in Fig. 10 because the beam
distribution remains near the bucket center while the signal amplitude is
small.
In contrast to the sensitivity to detuning, a 2% error in Ib has a
negligible effect on both Waut and <p. A change of 2% in the magnitude of £
likewise has little effect on both the output energy and phase for the
parameters studied here, but introducing a 0.1 ns time lag in the
reacceleration field again causes a long wavelength ripple of about rr/2 in ¢, as
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shown in Fig. 12a. This ripple results from a beam energy loss during the
initial period «0.1 ns) when £= 0, which causes the beam, in effect, to be
detuned. The assumption of a constant time lag, of course, corresponds to a
worst case. A more realistic jitter model lets the £ timing error vary randomly
over a scale length in z equal to Aw . The wave phase for such a case, with a
root mean-square jitter of 0.1 ns, is plotted in Fig. 12b. It shows a phase ripple
of about reiB.
Studies with a constant-current beam show that the final wave phase is
as stable as that of a beam with a linear current ramp, but, in addition, there is
a 10% ripple in Waut that persists throughout the FEL. A beam with constant
Ib also begins to lose particles when errors in energy or current exceed about
1.5%, indicating the reduced acceptance for this current envelope.
5. Multiple mode effects
In this section, we describe the excitation of parasitic modes by a well-
bunched beam, making use of a wakefield analysis appropriately modified to
include the effect of the off-axis excursions of the wiggler orbit.
We start from Maxwell's equations for the vector potential in terms of
the beam current density,
(
2 ;j 1 ;j) .... 4n ....V' + - - --- A = - - ]
1- dz2 c2 at2 c (34)
and then decompose the vector potential into a sum over the modes of the
cavity,
22
(35)
where a is the mode index, qa is the mode amplitude and Cia gives the spatial
dependence of the mode. The normalization
5d 3 r'iia(f')· Ci*a(f')= V
v
(36)
is assumed, with V the cavity volume. Substituting Eq. (35) into (34) results in
an equation for the amplitude, qa, of the mode a,
( (j W
a a 2 ) () 4 1fE 1 Jd 3 'J-> ( -., ) -.- ( ->, )
-2 + -Q- + W a qat =~V r r,t· aa r ,at adt v (37)
where we model dissipation with a phenomenological quality factor, Qa. The
resonant angular frequency, Wa, of the mode a is shifted to Q a = (wcl-- Va2)1 /2
due to losses where va=wa/2 Qa.
Next, we write the current density as
->(-> ) ()...-2(-> ->( iJ(z)J r.l,z,5 = I b 5 0 r.l - rw z)) V z '
with
23
(38)
(39)
where rw and V w are, respectively, the trajectory and velocity in the transverse
plane due to the wiggler field, and are assumed to depend only on z. The
variable s=vzt-z, and we assume Ib(S)=O for s<O. Variation of Vz in z is neglected.
For brevity we will denote a:: (r:v (z) ,z) by a~ (z ).
The solution for qa is then given up to quadrature by
(40)
where the cavity length is L, and the Green's function for the mode is given
by
(41)
The electric field takes the form
(42)
To determine the energy deposited by the beam, we apply Eq. (42) to compute
the voltage drop experienced by an electron at s in traversing the cavity,
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+ L/2
f v(z) ........ ( 5+Z)V( s )= dz v • E (r w z) I-V-Z Z
- L/2
(43)
= f d5 1 I b (51 ) W( 5 - 5')
o
where the wake potential may be expressed as sum over the wakes from each
(44)
These wakes W a are longitudinal wakefields in the sense that they from the
loss of beam energy and are nonzero on the design orbit. The dominant
--+ --+
contribution to W is from the FEL term, Vw . aa, with a the TE01 mode in our
example. The wakes are most simply expressed in terms of their Fourier
transform, Za, the impedance of the magnetized cavity, due to mode a,
+ L/2
4;rr . f if (z)
Z a ( m )= V 1mGa (m ) dz V z •
- L/2
( im z112iia (z) exp - --v:1
, (45)
where the tilde denotes the Fourier transform. From Eq. (41), this may be
expressed as
i(j)(j)a (j)(j) (R /OJ
2 • a a
m - ~
Qa (46)
where the IIsurge impedance" is
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+ LI2
(R/C = ---.1.JL f dz V (z) • aa (z) ex.!- i;:Zz) 2
a VCVa V z f\
- LI2 (47)
As for more conventional, unmagnetized cavities, the "R upon Q" provides a
simple estimate of the power coupled into the mode a. Applying Eq. (49) we
may compare the coupling to the design mode, with that of competing,
parasitic modes in the drive cavity.
We find for the design TEOl p mode,
20 AL( a w )2R/Q=--- -
Sir hw Y , (48)
where 20=377 Q. Not surprisingly, the coupling may be adjusted through aw .
For a TMm,l,p' mode we find
(49)
where () =(plr±cvL/vz)/2 is the transit angle. With a large transit angle, this can
be made quite small. (On the other hand, for the design mode, the transit
angle is always small because it is measured with respect to the fast-wave
resonance.)
For a nearby TEm lp' modes, we find
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(50)
where e=(mLjvz-pJr-kw L)j2.
It should be emphasized that the estimates, Eqs. (48)-(50), rely on the
fields of a closed pillbox, and neglect fringe field effects at the beam ports,
which, in principle, can be important in determining the actual impedances.
In addition, the detailed physics of longitudinal and transverse mode locking
merits further study.
6. Discussion
We have presented the concept of a standing-wave free-electron laser
Two-Beam Accelerator, in which the drive beam, as it traverses the wiggler,
propagates through a series of overmoded cavities. The drive beam is
reaccelerated frequently so that its energy remains roughly constant.
Microwaves are extracted, by means of a side-coupler, to a single-mode
waveguide which is, in turn, coupled to an accelerating cavity.
The standing-wave TBA has some substantial advantages over
previous configurations: (l)the microwave power does not propagate through
the induction gaps; (2)microwave extraction is straightforward; (2) the phase
error due to current jitter has been substantially reduced; and (3) peak power
levels are relatively low.
A number of problems not studied here deserve further consideration.
Our idealized model of the FEL interaction has replaced the series of discrete
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drive-cavities and induction cells with a continuum. A more realistic model
consisting of a series of short microwave FEL oscillators, separated by
induction cells and allowing for coupling between oscillators, remains to be
developed. The effect of multiple modes (including beam break-up modes)
and sidebands remain to be studied in detail. Orbit matching and the trade-
ofts between increased transverse acceptance of the drive-beamline and
coupling between the FEL cavities also remain to be studied. Should a
widening of the beam ports be desirable, our theory must then be modified to
include a small, but non-zero, group velocity.
It is clear that much work must be done to validate the standing-wave
TBA. However, the merits revealed by this study appear to justify the effort.
Ultimately, the basis for choosing between an RK and an FEL version of the
TBA will be determined by capital and operating cost, as well as by the ease
and reliability of operation. At low frequencies, the RK is "conventional" and
therefore preferable. At high frequencies, the FEL is necessary. The difficulty is
that the transition from "low" to "high" frequencies is likely to be between 10
and 20 GHz, i.e., just in the range where one would likely operate a TBA.
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FIG. 1. Conceptual schematic for a Two-Beam Accelerator (TBA).
FIG. 2. Schematic of various microwave extraction schemes which were
considered in earlier versions of the TBA.
FIG. 3. Conceptual layout of one section of a standing-wave TBA. Depicted
are the induction cell for reacceleration, the wiggler, the drive cavity, and the
accelerating cavity.
FIG. 4. The equivalent circuit used for modeling the microwave coupling
between the drive cavity and the accelerating cavity, as described by Eq. (1).
FIG. 5. Ratio, R, of the peak excitation in cavity 2 to that in cavity 1 as a
function of normalized pulse length for various detunings of the oW/OJ of the
drive voltage.
FIG. 6. Ratio, R, of the peak excitation in cavity 2 to that in cavity 1 as a
function of detuning ow/w for various values of the normalized pulse length.
FIG. 7. Phase shift, L1qJ, of the microwave signal in the accelerating cavity
(cavity 2) due to deviation in the drive frequency or pulse length from their
design values (which are ow/w = a, and 1:p = 0.01 for this example). Depicted is
the phase error for various detunings as a function of normalized pulse
length.
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FIG. 8. Phase error, ,1qJ, as in Fig. 7, depicted for various normalized pulse
lengths as a function of the frequency detuning.
FIG. 9. Phase space of a slice of an initially unbunched beam at (a) z = 0, (b) z
=Lw/3, (c) z = 2Lw/3, and (d) z = Lw in a wiggler with Lw = 10 m. The bucket
boundaries are indicated by solid lines.
FIG. 10. Output energy per unit length Wout and microwave phase ¢ as
functions of the interaction length z/Lw for the parameters of Table 1.
FIG. 11. Microwave phase ¢ as a function of z/Lw for a beam with (a) a
constant energy 1% above Yr and (b) an energy that is initially equal to Yr and
then decreases by 4% toward the tail of the pulse.
FIG. 12. Microwave phase ¢ as a function of z/Lw for a beam with (a) a 0.1 ns
lag in the reaccelera tion field and (b) a reacceleration field with an rms
timing jitter of 0.1 ns.
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Table 1. Parameters for a standing-wave TBA, powering a 500 GeV x 500 GeV
linear electron-positron eollider.
Drive Beam
fpeak = 2.17 kA
E = 13.8 MeV (Yr = 27.6)
Lb = 180 em (Tb = 6 nsee)
,18 = (0.1) 2rc
,1Y = (0.01) Yr
Drive Structure
Aw = 25 em
aw = 8.86
h x w = 3 em x 10 em
f= 17.1 GHz
Wout =10J/m
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High-Energy Beam
G = 100 MeV/m
L = 3.6 km
N = 2 x 1010
n = 10
frep = 360 Hz
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